The cavity optics within high power free-electron lasers based on energy-recovering accelerators are subjected to extreme conditions associated with illumination from a broad spectrum of radiation, often at high irradiances. This is especially true for the output coupler, where absorption of radiation by both the mirror substrate and coating places significant design restrictions to properly manage heat load and prevent mirror distortion. Besides the fundamental lasing wavelength, the mirrors are irradiated with light at harmonics of the fundamental, THz radiation generated by the bending magnets downstream of the wiggler, and x-rays produced when the electron beam strikes accelerator diagnostic components (e.g., wire scanners and view screens) or from inadvertent beam loss. The optics must reside within high vacuum at ~ 10 -8 Torr and this requirement introduces its own set of complications. This talk discusses the performance of numerous high reflector and output coupler optics assemblies and provides a detailed list of lessons learned gleaned from years of experience operating the Upgrade IR FEL, a 10 kW-class, sub-ps laser with output wavelength from 1 to 6 microns.
INTRODUCTION
The Free-electron laser (FEL) User Facility at Jefferson Lab (JLab) saw first light in 1998, and ran as a User Facility from 1999-2001. We then decommissioned our first FEL, the IR Demo, so we could install the IR Upgrade, which had almost an order of magnitude higher output and a larger tuning range. We once again began providing light to users in 2005. Some of the unique features of this FEL, the User facility, and applications are contained in past proceedings of this and other conferences [1] [2] [3] When operating the FEL for users, one pays more attention to laser properties like output power and beam position stability than if beam delivery were into a dump a meter or two away. Commissioning activities become more than achieving a specified parameter for seconds or minutes, we need to maintain them simultaneously for hours. While operating the IR Demo, we saw the need to improve our handling of scattered and absorbed laser radiation in both cavity and beam transport components, and so we took the opportunity to incorporate these improvements in the Upgrade. This paper gives details about some of these improvements and of equal importance, points out where additional mitigation efforts are required. *shinn@jlab.org; phone 1 757 269-7565; fax 1 757 269-6384 www.jlab.org/fel
DESIGN CONSIDERATIONS

The optical cavity environment
The specifications for the IR Upgrade optical cavity were more or less set in 2002 4 and are reproduced in Table 1 . <l/20λ P-V surface distortion <l/5λ P-V transmitted wavefront distortion. * after mirror change A schematic representation of the JLab FEL is shown in Fig. 1 . Fig. 1 The IR Upgrade FEL, with an emphasis on the optical cavity subsystems and sources of THz radiation.
We fairly easily achieved the mechanical specs, but the optical specs were more elusive. The absorptive losses were higher than spec, initially by over an order of magnitude, and aberrations that were induced by our mirror mounting practices were about 4 times higher than spec. Absorptive loss values were improved by switching vendors, and the aberrations were reduced by improving our mounting techniques, though we often find that the optical figure is worse 
THz produced in dipole magnets
when installed in the cavity, relative to when it was mounted in the same way in our test stand. This is being addressed and will be documented elsewhere.
With the exception of the vacuum and irradiance specs, the environment the cavity optics experience doesn't appear to be too extreme. However, one must also consider that the high average power output (multi-kW) comes in the form of a pulsetrain with repetition rates in the many 10's of MHz with each pulse having a sub-ps pulselength. Consider these typical operating conditions: the optical mode at the mirrors is a Gaussian with a 1/e 2 radius of 10mm, the outcoupling is 10%, the output power is 3 kW, and the pulse repetition frequency (PRF) is 18.71 MHz. The average power irradiance at the center of the mode is ~19 kW/cm 2 and the peak power irradiance (from each pulse) is in excess of 5 GW/cm 2 ! Furthermore, the mirrors, especially the mirror downstream of the wiggler (usually the outcoupler), is irradiated with a variety of out-of-band radiation. For example, when electron beam diagnostic viewers are inserted, there are high energy (up to ~ 100 MeV) bursts of x-rays produced, with dose rates of 100s of R/hr. However, the duty factor is low. During lasing, the amount of high energy radiation lessens but is still at the level of several 100 mR/hr. Besides x-rays there is far-IR radiation, in the THz region of the spectrum 5 , and higher harmonics, also coherent, of the fundamental lasing wavelength, extending into the DUV region 6 . Total power launched from this out-of-band radiation is on the order of many 10's of watts. Finally, the sapphire outcoupler mirrors may be cooled to ~ 50ºK to improve their thermomechanical properties. It is the wide spectrum of radiation the cavity optics are subjected to, as well as the ambient pressure and temperature that in some ways resembles that of outer space that makes the environment extreme.
Another source of loss, often of little consequence to designers of lower-powered lasers, is scattered light. For the FEL, with it's high intracavity power, even scatter levels of order 10 -4 result in several watts of scattered fundamental laser light. THz and second harmonic radiation considerably raise this amount, which have a large mode extent. Any scattered radiation that finds its way back into the connecting beam line (see Fig. 1 ) is constrained, and to some degree concentrated by diffraction and reflection, until it is absorbed somewhere. The result of this absorption manifests itself with higher pressure levels in the beam line, due to thermal desorption, often to the point that the automated machine protection system closes vacuum valves and shuts the machine off. Or, it can heat components to the point of failure, as is shown in Fig. 2 , where gold-coated stainless steel screen before fused silica viewports was melted by the absorbed power. In addition, scattered light strikes the mirror mounts, which aren't cooled and are poorly heat sunk. The mounts then warm up, outgassing and flexing. This flexing cause mode steering and forces the laser operator to make frequent adjustments to keep the power optimized.
When we were in the optical cavity design phase we considered ways to best mitigate the effects of scattered light. We used active cooling of components, as well as built cavity components of low-expansion stainless steel, specifically Invar-36. Many components were gold-coated to reflect scattered light, rather than absorb it. However, we needed to do more, as discussed in the following section.
MITIGATION STRATEGIES
Coherent Harmonics and THz
From an optical cavity standpoint, THz mitigation takes the form of substrate selection, since the optical coatings are so thin compared to the wavelength that they don't interact. Since the THz radiation is launched along the electron beam direction, we are primarily concerned with that mirror, which is usually the transmissive outcoupler. If one consults the literature, diamond is the best material, but is prohibitively expensive to buy and fabricate. The next best material is sapphire, which can be fabricated by a number of vendors and is far more reasonable to procure. Our high reflectors use silicon substrates, which can be a good transmitter of THz, however our radius of curvature control mechanism, which is attached to the mirror, will absorb it, so we have an appropriately thick layer of metal (gold or aluminum, depending on the fundamental lasing wavelength) to reflect THz away from the substrate.
Our coating design has evolved to handle the coherent harmonics. Since they too are launched along the electron beam path, our coatings are no longer quarter-wave dielectric stacks, but are a slightly more complicated, proprietary design dubbed, "harmonic control coatings". These designs optimize the transmission of the even harmonics through the outcoupler, and reflects the odd harmonics about as well as the fundamental. These reflected odd harmonics then propagate back to the high reflector, which is also optimized to provide higher than normal reflectivity at those wavelengths. The net result was to reduce the overall absorption in the outcoupler by about 100 ppm. One is penalized in tunability, as the HR coating doesn't have the bandwidth it has with the quarter wave design. As a consequence, when you approach either end of the narrower tuning curve, many odd harmonics, which are in the visible or UV regions of the spectrum, are efficiently absorbed in the silicon.
Scattered light
As discussed earlier, our observations of mirror drift at the ends of the cavity, and pressure rise and melted components near the center of the cavity needed to be addressed. We devised schemes to address each region. For the mirrors, we installed water-cooled copper plates, which we call absorber shields, just in front of the mirrors. These plates are blackened to absorb most of the light incident on them, rather than allow it to heat the mirror mounts, and reflect back down the beam line. There are extensions to the shields that extend another 20 cm to one side. This shields the controls wiring from intercepting stray light. After some tests of different blackening processes, we chose to have the shields blackened by a commercial process known as Electroblack 7 . The measured reflectance at 10.6 microns was 0.3 % and was anticipated to be equally low at shorter wavelengths. However, at THz wavelengths it may be a poor absorber, given that the surface is thinner than the wavelength. We plan to measure this in the near future. The blackened copper is very low outgassing, once the initially adsorbed water is removed. The pressure in the HR assembly, which hasn't been opened to atmosphere in over a year, is ~ 8 x 10 -9 Torr.
Installation of the shields resulted in a marked reduction in the pressure rise associated with high average power lasing, and some reduction in mirror steering. Using thermal imaging cameras to observe the mirrors and shields, we determined that the initial design, which preserved as much clear aperture of the mirror as possible, was still allowing too much scattered light to strike the mirror mounting hardware. We installed adapter rings that reduced the diameter by ~15%, and steering ceased on the mirrors with the improved shields. Figure 3 is a picture of the mirrors in one of the assemblies with the current version of the shields.
Addressing the stray light problem for the Optical Cavity Mirror Metrology (OCMMS) hardware near cavity center (Fig  1) , required a different solution. In this region we needed to gracefully keep the stray light from striking the viewports needed for the diagnostic beams, yet allow the beams to propagate in the same region the stray light would occupy. Our solution was to machine our own mirrors out of gold-coated Invar. These mirrors deflected the wide spectrum of radiation into a beam dump. Small holes in the mirror, whose area was only a small fraction of the total area, allow the diagnostic beams to pass. 
CONCLUSIONS
The cavity optics in a high average power FEL are in an extreme environment. They are subjected to high peak and average irradiance, out-of-band radiation at the watts to tens-of-watt level over a spectral range spanning the THz to UV range, while residing in a high vacuum. In this paper we have attempted to highlight some of our approaches to eliminating sources of loss that would degrade the operation of the laser for our users. In this environment, these losses, primarily from absorption of scattered light, and out-of-band radiation from THz and coherent harmonics, required novel solutions. We intend to use them for proposed upgrades to the current FEL, as well as for the UV-FEL. As some of our approaches are still being evaluated, they may well evolve as we collect more performance data.
Xtreme optics: the behavior of cavity optics for the Jefferson Lab Free-Electron Laser [6403-36]
Q You mentioned that you can achieve CW light by manipulating your electron flux or did you achieve them through an external device?
A Well I should have indicated correctly that what we really have for this community is quasi-CW light. So this looks like a mode-locked laser train, albeit a very big one. So we have a continuous output. So we have a continuous pulse train of micro-pulses. I apologize for the miscommunication. It's a very high average power but it's just a continuous pulse train at say 37 megahertz.
Q What are you going to do eventually about transmission through the window as far as getting the radiation out and harmonic induced degradation of your window material?
A Oh that is a great question. So you are not taking about the cavity optic itself, which we have discussed, but just the window. One of the nice things for us, is that right now our harmonics are falling on turning mirrors which are protected silver. So at least up to 500 nanometers they are very efficient reflectors for all the harmonics. That's not true for our newer beam trains where we certainly suppress harmonics, certainly the even harmonics, and there are some games we can do with the odds, so by the time it makes it upstairs, you basically have killed the harmonics. We have already knocked them down in the UV with protective silver we've knocked the fourth harmonic down by a factor of about 1000, because there are seven bounces. So just take the fact that protected silver has only got about a 50% reflectivity at 400 nanometers and do .5 raised to the 7 th power. For us it will be dielectric coatings that take care of the UV and then for our window, Claude gave a very good talk on that. We were looking at OFG, but we're not as happy with that. We had been using successfully with low power calcium fluoride but right now we are using fused silica, and that's fine at ten kilowatts. For a longer term, when we go above ten kilowatts, we have to reassess what window material we are going to use, but we can certainly take care of the harmonics on the window.
Q Any comments about terra-hertz mitigation?
A We had run some pretty fancy beam codes that predicted…when you take a very short burst such as 250 femtoseconds long which is about 60 microns, and the radiation comes out longer than that, it's not synchrotron, it's a coherent terahertz radiation. It's got a varied direction and it's coherent. The whole bunch looks like it's emitting as one electron. So what happens is that you can play some games with de-bunching the beams. This fancy chicane was produced for the dipole magnet that was very close to the mirror. We killed the power by an order of magnitude. The problem was that the entrance beam to the chicane produces just as bad of a terahertz problem as the one that used to be much closer. So now it's further away and all the calculations told us that diffraction is going to put all that power out past four inches and I thought OK, my shields will take care of that. No, as a matter of fact, they didn't. I put in my log book, "I'm seeing a spot in the center of the mirror." I'd love to show you pictures maybe next year. As it turned out, about sixty percent of what we are seeing is distortion of the optical mode and the laser power was entirely due to terahertz. What had happened was that the code had not handled the diffraction of the beam pipe correctly. So, we have a UHV system and it's got a bunch of copper gaskets. So, rather than have these standard copper gaskets, we now have these really thick ones with apodization There are actually EDM cuts with little fingers in it. You put those in and you get the fact that there is diffraction, but the diffraction comes back and forth between these apodized shields. So what we have done is taken a spot which is about a centimeter in diameter and we have spread it out across the mirror so now the distortion is more uniform and we have seen a big increase in our laser efficiency. So, I can talk about that maybe next time.
